The article presents the analysis of methods for selecting dimensions of bone wedge for high tibial osteotomy. The existing methods are described along with the procedure. In the following paragraphs, deficiencies in the selection of bone wedge dimensions and global trends in this field have been demonstrated. Based on the numerical analysis, the problem appearing in the wrong choice of bone wedge dimensions was illustrated.
INTRODUCTION
The treatment of popliteal osteotomy is a common method of preventing the consequences of degenerative changes occurring in the knee joint. Degeneration of articular surfaces occurs irrespective of the place of residence. The main pathogenic factors are: age, female sex, joint infection, increased body weight, previous injuries, occurrence in the family, neuromuscular disorders and metabolic and rheumatic diseases [1] . The disease occurs with the same frequency in male and female patients aged from 45 to 55. In old age it comes to intensify the occurrence in female [2] . As a result of these changes, there are symptoms, such as pain or difficulty moving, the occurrence of which is intensifying. It leads to a deterioration of the standard of living.
Popliteal osteotomy is an invasive procedure, leading to a significant improvement in joint function. This effect is obtained by correcting the axes of forces running in the joint. This leads to a reduction in the abnormal loading of the knee joint, the cessation of disease processes and stimulates the reconstruction of articular cartilage [3] .
There are many methods for determining the dimensions of the bone wedge, but they don't take into account the impact of different Young's modulus of bone and implant. Theoretically the deformation of bone is approximately ten times higher than steel implant deformation under the same load. This can be the cause of complications after HTO. In article various methods for determining the dimensions of the bone wedge and the types of complications after intervention were described. After the description of the methods, the focus was placed on the effect of the various Young's modulus of bones and steel on the change in the correction angle compared to the intentional value. After short theoretical introduction FEM analysis was carried out for proximal end of tibia in static load condition in two different cases. In the first case the material of model was only bone, but second model included a ten degrees wedge made of steel. Result of correction was measured as a difference of deformation of tibial condyles. Finally, the results were presented and the need to extend the research with dynamic load states was indicated. The bone with ten times less Young's modulus should theoretically deform ten times more than steel wedge. This was not observed. Side with steel wedge was deformed by 4.117·10 -3 mm, while lateral bone side was deformed by 4.94·10 -3 mm. The difference in deformation is only 0.823·10 -3 mm but is two times higher than in uniform bone. Also increased stresses were observed on the border of different material.
Proper selection of the biomaterial of the implant is important for long term implantation. Human tissue environment does not accept any type of materials. To minimize an immunological performance of human body, implants material should be chosen correctly [4] . Typical material for locking plate is 316L stainless steel [5] . Currently the gold standard of implant used in HTO procedure is fixation plate from pure titanium [6, 7] . Another kind of HTO implants material is polyetheretherketone (PEEK), carbon short-fibre-reinforced (CSFR) PEEK and carbon long-fibre-reinforced (CLFR) PEEK [6, 8] . Modern methods of implant preparation use additive manufacturing like SLM (Selective Laser Melting). To create an implant with similar stiffness to bone, the implant should be modelled as lattice [9] . Fig. 1 . Anatomy of a knee joint [10] in high tibial osteotomy A knee joint is the largest synovial joint in the human body [11] . It connects the femur bone with the tibia bone. Another bone which forms the joint is the patella. Cooperative joint surfaces of the femur and tibia are characterised by a significant disproportion in size and a large mismatch of shape. As a result, the size of the contact surface of both bones is small. In combination with the fact that the knee joint moves almost all the weight of a human body, it can be said that it is one from the most-loaded joints. The meniscus, lateral and medial present in the joint deepen joint surfaces improving the cooperation conditions by enlarging the contact area. The anatomical structures that provide stabilisation of a knee joint are ligaments and tendons. Two main groups of ligaments should be distinguished: internal and external ones. Among the external ligaments, ligaments attached to the patella, which stabilise the joint capsule from the front should be distinguished. Another group belonging to external ligaments are side ligaments -strengthening the joint from the lateral and medial side. Internal ligaments consist of cruciate ligaments and lateral ligaments of the knee. A knee joint is surrounded by a joint capsule.
The movements that can be distinguished in the knee joint are [12] The following considerations focus on the treatment of wedge osteotomy of the tibial high end (HTO -high tibial osteotomy).
Fig. 2.
Subsequent stages of high tibial bone osteotomy [13] Two basic types of tibial osteotomy should be distinguished. The first is a closing osteotomy, while the other is the opening osteotomy. In order to properly perform the correction, the appropriate displacement of the knee joint load axis should be determined. Next, the required correction angle and bone wedge height should be calculated. One of the methods of determining the correction angle in the closing osteotomy is the Lobenhoffer method [14] . Determination of the correction angle should be started by drawing a mechanical axis of the knee joint. It is carried out in the frontal plane, between the centre of the femoral head and the centre of the distal end of the tibia bone. In figure 3a it is represented by a long grey line (1) . Next, the line of the desired course of knee joint load is plotted. Fujisawa [15, 16] developed recommendations that say it should be drawn from the centre of the femoral head and pass through a point located on the articular surface of the proximal end of the tibia. This characteristic point is located at 62.5% of the width of the tibia. This line is shown in figure 3a as long black line (2) . At this point, the location of the wedge's peak is determined. In the closing osteotomy, it is located on the medial surface of the proximal tibial bone. Next, a line should be drawn from the wedge's peak point leading to the centre of the ankle; it is presented as a short grey line (3) in figure 3a.Then the line that runs from the wedge's peak point leading to the intersection of the ankle axis with the line defining the desired mechanical axis of the joint after correction should be drawn. It is depicted as a short black line (4) in figure 3a. Fig. 3 . a) Plotting the correction angle in the closing osteotomy, b) Deletion for opening osteotomy [13] The angle determined by the lines originating from the wedge's peak is equal to the value of the correction angle. The last step is to determine the height of the bone wedge. It involves transferring the obtained angle to the place where the osteotomy is planned and measuring the height of the wedge. Next, the proportions resulting from the X-ray scaling should be taken in high tibial osteotomy into account. Another method of determining the size of the wedge base is to calculate its value from the following formula [17] :
where: H -the dimension of the bone wedge base, S -the width of the tibia bone in the place of planned surgery and K -desired correction angle in degrees.
In the literature, one can find the method of determining the height of the bone wedge (H) according to the rule which says that one millimetre of the height of the bone wedge base corresponds approximately to one degree of correction required [18] .
When plotting the correction angle in the dissection osteotomy with medial access, another location should be considered for the position of the tip of the bone wedge. Lines should be run from the medial surface of the proximal tibial bone from the fibula side to the intersection of the mechanical axis line and the line passing through 62.5% of the width of the tibia with the axis of the ankle joint. An example of a deletion for the opening osteotomy is shown in figure 3b . As can be seen in figure 3b the correction angle is located between two short lines, black (3) one and grey (4) one which come out of tip of the wedge. Long black line (1) in figure 3b is the desired course of knee joint load, while grey (2) one is mechanical axis of the knee joint. Fig. 4 . Defining the direction and deviations of the mechanical axis [13] Another method of deformation evaluation used in planning operations is the procedure developed by Paley [19] . It is used in cases where the deformation angle is high and in cases where the incorrect course of the mechanical axis of the knee joint results from deformation of the tibia or femur [19, 20] . In the first step, the incorrect mechanical axis of the limb should be determined. The lines are plotted on the frontal plane when the patient stands with their patella to the front [19] . The tibial knuckles are taken as the reference point for the measurement [19] . The direction of mechanical axis deviation of the knee joint (MADmechanical axis deviation) is then drawn. This allows the determination of the nature and value of the axle deviation. The direction of deformity speaks of varus deformity or valgus deformity of the knee joint. The determination of MAD is shown in figure 4 . Normal value of MAD is 3 to 17 mm [19] . In the case of varus deformation, MAD is generated by the incompatibility of the joint and the deformation of the tibia or femur. In order to determine knee joint inaccuracy, the joint-line convergence angle (JLCA) is determined. Its value should be in the range of 0 to 3 degrees for the joint without deformation [19] . This angle is formed between the tangent line to the femoral condyles and the tangent line to the articular surfaces of the tibia, as shown in figure 5a. To determine the deformation of the femoral or tibial bone, the LDFA (lateral distal femoral angle) is determined for femoral distortion and MPTA (medial proximal tibial angle) for the tibia bone. The LDFA angle is between the mechanical axis of the femur and the mechanical axis of the knee joint, while the MPTA angle is between the mechanical axis of the tibia and the mechanical axis of the joint [19] . Both angles are shown in figure 5b. The normal value for the LDFA angle lies in the range of 88 to 95 degrees [19] , and for the MPTA angle 86 to 89 degrees [19] . In the last step, the location of the centre of angular deformation CORA (centre of rotation of angulation) is determined. This is done by plotting the mechanical axis of the femur and the mechanical axis of the tibia derived from the centre of the upper ankle joint. The point of intersection of straight lines determines the position of CORA. The angle between them is the correction angle. It is shown in figure 6 . 6 . CORA point and correction angle [13] Complications that may occur after popliteal osteotomy are [21] :
• infection of the osteotomy gap, Complications occur in 25 to 34% of the studied group [21] . The right choice of dimensions can significantly reduce the incidence of complications after surgery.
The above analysis allowed determining that none of the procedures takes into account differences in bone and steel stiffness. It is necessary to verify the effect of various bone and steel stiffness modules on the correction angle.
METHOD AND EXPERIMENTS
The images used to determine the dimensions of the bone wedge are taken when the limb is loaded by placing the patient in a standing position. This allows taking into account bone deformation from static loads generated by human mass. None of the methods of selecting the dimensions of the bone wedge takes into account differences in the mechanical properties of different materials. Deformation should be understood as the ratio of the change in the length of the object to its initial length, expressed as a percentage, described in the following formula: (2) where: ε -strain, ∆l -elongation, l -initial length. The elongation itself can be described by the formula: (3) where: F -force acting on the body, A -cross-sectional area, E -Young's modulus. In turn, the stress in the general case is described by the formula: (4) where: σ -stress, E -Young's modulus, ε -deformation.
From the above formulas, it appears that the force acting on the bone and implant will be the same; the same applies to the cross-section. We treat cross section and force together for bone and implant, as shown in figure 7 . One of the main mechanical properties is the Young's modulus. Young's modulus value in the human skeleton varies from 17 to 22 GPa depending on the bone and the level of humidity [22] . In turn, Young's modulus for austenitic steels is about 200 GPa [23] . The difference in module's values is about ten times. Theoretically, with the same loading condition, the side on which the implant is located will yield ten times less. To illustrate the phenomenon, a simplified analysis was carried out. The study was performed in the SolidWorks Simulation software. The analysis was carried out for a correction of 10°. The model presented in figure 7 has been transformed into a mesh model as shown in figure 8 . The model consisted of 26114 tetra elements with 4 integration points and an average element size of 5.32 mm.
Boundary conditions are described below. The solid was fixed at the bottom, rotations and translations for all axes were removed. Contact between solid bodies has been defined as being bonded with a compatible mesh. This means nodes of both meshes along the contact surface are merged. A load equivalent to half of the normal man-weight mass of the human body, i.e. 392.4 N, was applied to pond surfaces, assuming that the gravitational acceleration g is 9.81 m/s 2 . The bone consists of cortical tissue (external) and cancellous (internal) tissue. The mechanical properties of both are extremely different. Range of Young's modulus of cortical bone is 17 to 21 GPa [25, 26] . Range of Young's modulus of cancellous bone is 350 MPa to 15 GPa [25, 26] . In the analysis an elastic modulus equal to 18.4 GPa and the fact that the whole bone is made of cortical tissue were adopted. In the first phase of the study, it was assumed that the wedge and bone materials are identical and have parameters characteristic of the moist tibia, elastic modulus equal to 18.4 GPa and strength limits equal to 162 MPa [22] . Next, the wedge was assigned to be made of material AISI 316L acid-proof steel with in high tibial osteotomy Young's modulus equal to 193 GPa, strength limit equal to 550 MPa and yield strength equal to 138 MPa.
RESULTS AND DISCUSSION
Below, in figures from 9 to 14, the results of the above analyses are presented. In the case of a uniform bone, the maximum displacement was 5.06·10 -3 mm and was located within the lateral tibial condyle. However, the difference in deflection between the medial and lateral condyles was 0.42·10 -3 mm. In the case of analysis performed for a wedge made of AISI 316L steel, the maximum deformations are smaller and amount to 4.94·10 -3 mm. In turn, the difference in the deflection between the knuckle supported on the wedge and the lateral knuckle is 0.823·10 -3 mm. In the stress distribution along Z axis one can observe a clear manifestation of the stress jump at the material boundary. Stresses within the wedge amount from -1.477 to 0.2589 MPa, and in the bone surrounding the wedge, these values range from -0.753 to -0.1748 MPa.
In the first study the difference in deformation of condyles is 0.422·10 -3 mm, in the second one it is 0.823·10 -3 mm. The difference in deformation of condyles is nearly twice as high in second as in the first one. Difference in deformation of steel wedge side and bone side is 0.823·10 -3 mm. The HTO was planned for 10 degrees correction. The difference caused knee axis deviation by 0.0065 degrees from planed orientation.
CONCLUSIONS
Almost double difference in stresses shows that most of the load is transferred through the steel wedge and not through the bone on the lateral side of the knee joint. This means that the bone tissue may not be loaded enough to induce proper arrangement of bone bars. According to the Wolff-Delpech law, the squeezed bone disappears while the extended bone expands [27, 28] . The microstructure of the bones is in continuous reconstruction, the bone bars are arranged in accordance with the course of the main anatomical axes [28] . In the case of uneven bone loading within the osteotomy, bone tissue may disappear. This may result in complications such as relapse or intra-articular fracture.
In the case studied, a correction of 10 o was adopted as one of the most common [29] . It should be noted that osteotomy implant manufacturers produce implants with up to 15° [30] , whereas treatments with higher correction angle magnitude are also performed. The obtained results of the deformation of the condyles indicate that the intended correction angle has not been obtained. The difference can cause complications after surgery.
The influence of Young's modulus on the correct result of the operation is visible. The results show that inclusion of Young's modulus in the selection of correction can eliminate some complications.
With the increase in the correction value, the difference in the deflection of the medial and lateral condylar of the knee joint will grow, and the nature and distribution of stresses in the wedge area and in the surrounding tissues will change. In addition, the knee joint is dynamically loaded at every step during walking and running and many activities performed in a vertical position, which was not included in the study. The reaction forces from dynamic forces are many times greater which results in an increase of strains and stresses in the joint. Dynamic states of knee joint load after osteotomy require in-depth analysis using appropriate tools.
